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The search for quantum coherence based on isolated atoms integrated with a room temperature
solid state device (so-called atomchip [1–3]) has been intensifying in the last decade, with advances
being made towards applications such as clocks, quantum information processing, surface probing
and acceleration and gravitational field sensors. Such a device will also enable (and to some extent
has already enabled) novel experiments in fundamental physics (e.g., [4–7]). Here we report on the
trapping and maintenance of spatial coherence of atoms (in a Bose-Einstein Condensate – BEC)
about 5µm from a room temperature surface, reducing significantly the distance previously achieved
between the spatially coherent atoms and their classical environment [8–12], and most importantly
entering the regime where atomic circuits are enabled. In addition, we enter the interesting regime
in which the distance to the surface is much smaller than the probed coherence length, a regime in
which the spatial dephasing reaches its maximal rate.
To realize a “solid state” device with isolated atoms, at
least three milestones – adapted from electronic devices –
need to be met: arbitrary (e.g., not periodic) guides and
traps, single site addressability, and controlled interac-
tion via tunneling barriers. The latter requirement de-
mands that potentials must be sculptured with a reso-
lution on the scale of the de-Broglie wavelength of the
atoms (about 1µm). To achieve these milestones in a
scalable device, thereby forming circuits for matter-waves
(e.g., [13, 14]), one must be able to trap the atoms and
manipulate them coherently a few µm or less from the
surface used to generate the potential fields [15]. An in-
terference or diffraction pattern, the hallmark of spatial
coherence, from trapped atoms close to the surface, has
so far not been observed.
We study the spatial coherence by loading the BEC
into a lattice potential and observing diffraction. While
lattices with trapped atoms close to surfaces have been
realized [16, 17] and while diffraction has been observed
from atoms dynamically reflected from surfaces (see [18]
and references therein), this is the first time a BEC is
trapped in a lattice close to the surface and then allowed
to evolve into a diffraction pattern proving that its co-
herence length spans at least several lattice sites.
We provide new experimental insight regarding the in-
terplay between the rate in which surface Johnson noise
affects the spatial coherence length of a BEC [19, 20] and
the rate in which a BEC can phase-lock itself. In addi-
tion, this work shows that potential corrugations due to
material and fabrication impurities [21–23] may be re-
duced to a non-inhibiting level. This work may enable
studies of low dimensional gases (e.g., Tonks gas) with a
single sample, many-body rephasing rate against exter-
nal small-correlation-length noise, ultra-sensitive prob-
ing of surface effects such as the Casimir-Polder force
and the hypothesized short-range fifth force, as well as
devices with matter-waves such as acceleration sensors
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based on counter-propagating 3D traps moving on a loop
(Sagnac) [10, 24].
The experiment is conducted as follows: we create
a BEC (typically 104 atoms in the F=2, mF=2 state) and
load a magnetic trap located about 5µm from the con-
ductive surface of an atom chip. Different from previous
trapped atom interferometers, we utilize only DC mag-
netic fields. The trap potential is modulated to create
a 1D lattice. This 5µm modulation is due to a meander-
ing wire (“snake wire”) which causes the electron current
to periodically change direction thus creating magnetic
barriers. The confining potential is mostly due to a larger
wire (“trapping wire”) underneath the snake wire and
fields from external coils. As shown in Fig. 1, the mod-
ulation of the potential may be controlled by the height
of the trap from the surface (as well as the snake wire
current). Indeed, in the experiment when the height is
made a few µm larger, no diffraction pattern is observed,
and when the height is made a few µm smaller, higher
diffraction orders are observed. Aside from the 1D lat-
tice potential, longitudinal confinement via a harmonic
potential is kept on throughout the trapping. As we
work in the regime of a few hundred atoms per µm, we
increase the field at the trap minimum to 18.3 G in or-
der to decrease the trap frequency ratio (longitudinal to
transverse) so as not to enter the 1D regime in which
the initial coherence length drops drastically. Based on
in-situ imaging, the BEC length covers about 6-8 lattice
sites.
We hold the atoms in this trap for periods up to 500 ms
and then release them. The release includes two steps:
in the first 2.3 ms we push the atoms away from the
surface (“launching”) by increasing the current in the
snake wire from 5.5 mA to 18 mA. During this step the
cloud goes through parabolic acceleration by the longi-
tudinal potential creating a focus after full release. After
that, all potentials are turned off and the cloud expe-
riences another 11.7 ms of free-fall under gravity (time-
of-flight: TOF), following which an absorption image is
taken. The focusing plays a crucial role in the experi-
ment; the diffraction pattern periodicity of 15µm would
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2FIG. 1. (Color online) Experimental configuration. (a) An
artist’s view of the trapped cloud of atoms a few µm from
the surface. The atoms are trapped below the surface to al-
low their state to evolve after release from the trap without
falling onto the chip. (b) An optical image of the current-
carrying snake wire creating the 1D lattice potential. It adds
a magnetic modulation onto the main trapping potential cre-
ated by a straight trapping wire (not shown). The snake wire
is made of gold and is 500 nm thick. Its other dimensions are
shown in the image. (c) Using the trapping wire to adjust
the height d of the trap from the snake wire strongly affects
the potential modulation, shown here with the 5µm periodic-
ity acquired from the wire at constant current (adjusting the
current allows to fine-tune the barrier amplitude). The modu-
lated potential is depicted here together with a weak harmonic
potential produced by the trapping wire, giving rise to the
atom density profile shown in (a). Not shown is the radial
confinement potential that prevents the atoms from hitting
the surface. We are not able to provide in-situ images of the
modulated atom density as our imaging resolution is ∼ 7µm.
not have, under normal free-fall, produced any observable
visibility, as the BEC length, and therefore the expected
width of the diffraction peaks, is bigger than 30µm.
An average of 30 consecutive shots is presented in
Fig. 2a-b (100 ms holding time). The zero-order and the
first-order diffraction peaks are clearly visible. We have
confirmed that the observed diffraction pattern period-
icity of 15µm is independent of the height of the trap,
the purity of the BEC, the position of the trapped cloud
along the lattice and the amplitude of the diffraction or-
ders.
The rather surprising result of this experiment is that
beyond the known fact that a BEC survives for a sig-
nificant time so close to a room temperature surface, it
also maintains its spatial coherence length, thus enabling
atomic circuits. As a split BEC is expected to give rise
to interference even when only short range spatial coher-
ence exists (e.g., as in the free evolution of a 1D BEC),
we present in Fig. 3 a comparative analysis (experiment
and simulation) to show that the observed signal may
not come from a random phase. The simulation creates
a diffraction pattern evolving from a state in which the
phases between the different lattice sites are random. As
the position of the peaks is different for each shot origi-
FIG. 2. (Color online) Experimental signal. Diffraction pat-
terns observed after a trap holding time of t = 100 ms for 30
consecutive experimental cycles (no post correction or post
selection is used). (a) Average of images acquired by absorp-
tion imaging. (b) A cut through the center of (a) showing
the optical density (OD). The high visibility is typical of the
superfluid phase [25] or Josephson regime [26]. We have been
able to reproduce the observed asymmetry in the amplitude of
the first-order diffraction peaks by introducing a linear phase
difference gradient between the sites (1 rad increase between
two adjacent sites). Similarly the asymmetry may be due to
periodic imperfections in the fabrication process [27].
nating from a random phase distribution, an average of
such shots exhibits low visibility. The compared variable
shows a significant number of standard deviations from
the experimental signal, thus proving the experimental
signal is due to coherent diffraction, which in turn in-
dicates that the coherence length covers at least several
lattice sites.
To quantify the spatial coherence dephasing rate, in
Fig. 4a we present the averaged picture of a sample of
about 1000 pictures at different holding times. As the
data taking of this large sample spanned numerous days
and changing experimental conditions, slight drifts in
the experiment had to be accounted for. Consequently,
in contrast to the result presented in Fig. 2a-b, the
data analysis in Fig. 4a includes post-selection depending
on height and horizontal position of the trapped cloud.
3FIG. 3. (Color online) Visibility. A comparative analysis
(Fig. 2b vs. simulation with random phases) to show that the
observed signal (open circle) may not come from a random
phase (black line). The grey area describes the simulated
standard deviation from 500 runs. The compared variable
(differential visibility) is simply the maximal deviation from
the best Gaussian fit. (The standard fits of a convolution of
a sine function with a Gaussian or three Gaussian peaks with
varying amplitude and width, proved to be too unstable). An
additional data point is given for a sample of 215 experimental
shots (full circle) and is taken from the data set described in
Fig 4a. The insets describe the fit to a Gaussian for the data of
Fig. 2b (right) and an average of 30 shots with random phases
(left). The dashed black line is the result of the simulation if
the phases in the different sites are made to be equal.
In-situ images every few experimental cycles provide the
required position and height information. In addition,
we have moved the position of the fringe pattern by the
same shift observed in the position of the trapped cloud.
Fig. 4b is a repeat of Fig. 3, for the data sets of Fig. 4a.
In Fig. 4c we present the coherence as a function of
holding time. We estimate the relative coherence for the
different holding times directly from the visibility, assum-
ing that imperfections in the experiment and data anal-
ysis which lower the visibility (e.g., relative to Fig. 2b)
are independent of the holding time. The data is consis-
tent with no dephasing and consequently one can with
caution estimate for our experiment an upper bound of
about one on the ratio ΓD/ΓR of the spatial dephasing
rate due to Johnson noise over the spatial rephasing rate
of the BEC. This is rather striking when one recalls that
the BEC length is about 30µm and the correlation length
of the Johnson noise at a height of 5µm is 5µm [19]. In
this regime where spatial coherence is probed on a much
larger scale than the distance to the surface, the dephas-
ing rate is expected to be maximal [19]. Let us note
that technical noise should have no effect on the spatial
coherence length as it typically has a large correlation
length (not so for shot noise). Technical noise may in-
FIG. 4. (Color online) Spatial coherence. (a) Repeating the
cut of Fig. 2b (this time fully integrating the signal along the
vertical axis) for trap holding times of 30-500 ms, averaged
over 100-200 experimental cycles for each holding time. The
data are taken for trap heights 5 < d < 6.2µm. Some contrast
is lost relative to Fig. 2b due to the much larger number of
experimental cycles used, together with slight drifts of the lat-
tice and experimental conditions during these measurements.
The overall OD decreases with time due to the finite lifetime
of the cloud. Inset: (b) The same as Fig. 3 for the data sets
of (a) – same color coding as (a). (c) Un-normalized visibility
of the first order peaks and valleys as a measure of coherence
vs. trap holding time. The error bars are taken from the dif-
ference between the −1 and +1 order visibilities. The data is
consistent with a flat line which results if ΓD/ΓR < 1 [28].
troduce secondary effects through heating and spin-flips.
Extrapolating to smaller heights and wires, our results
show that atomic circuits are not inhibited by lack of
spatial coherence due to the nearby surface.
As an outlook, let us note that beyond the exten-
sive Gross-Pitaevskii simulations we have conducted, fur-
ther theoretical work is required in order to better explain
the specific details of the observed diffraction pattern.
As for atomic circuits, the next step should be to exhibit
a high level of control over the tunneling rates. Cross-
ing the border to ΓD/ΓR > 1 by increasing the John-
son noise (e.g., smaller heights) will further improve our
4theoretical understanding. The effect of Johnson noise
on BECs in guides is expected to be similarly weak and
will enable atomic circuits with guides (e.g., [29]), hav-
ing the advantage of less phase diffusion due to atom-
atom interactions. Advanced fabrication will contribute
to improved results. For example, utilizing electrically
anisotropic materials [30] is expected to reduce even fur-
ther the Johnson noise responsible for dephasing. Utiliz-
ing crystalline materials such as carbon nano-tubes [31]
or graphene sheets is expected to reduce both Johnson
noise and potential corrugations due to electron scatter-
ing. Finally, to reduce the atom-surface distance by an-
other order of magnitude, thus improving control over
tunneling barriers, it would be beneficial to use nano-
wires in order to considerably increase the gradients so
that they can overcome the Casimir-Polder potential, as
suggested in our work [15, 31]. Small wires can also en-
able geometries which will allow more flexibility in the
choice of the magnetic field at the trap bottom and the
frequency ratio (longitudinal to transverse) in the trap.
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